Introduction
Since the original isolations of lymphocytic choriomeningitis virus (LCMV) were made from mouse brains (Armstrong & Lillie, 1934; Traub, 1935) , LCMV has been studied in many laboratories, becoming one of the best understood models of virus persistence and virusinduced immunopathological disease (B~uchmeier et aL, 1980; Lehmann-Grube, 1984; Oldstone et al., 1985a) . LCMV is an arenavirus, a family which also includes Lassa, Junin and Machupo viruses, the aetiological agents of Lassa fever, and Argentine and Bolivian haemorrhagic fevers respectively. These viruses are endemic in Africa and South America, being maintained in various species of rodents (Peters et al., 1987) . Human 0001-0168 © 1991 SGM disease may range from subacute to fatal and results from contamination of human food and water supplies with rodent excreta. LCMV infection of man is also an important cause of aseptic meningitis spread by persistently infected mice, in this case Mus musculus.
Following experimental intracerebral inoculation of suckling or adult mice, LCMV replicates in the meninges and choroid plexi and the animals usually die of immunemediated choriomeningitis which is dependent upon the presence of virus-primed cytotoxic T lymphocytes (Byrne & Oldstone, 1984) . Virus also replicates in the reticuloendothelial system (Lehmann-Grube, 1971) , including cells of the lymph nodes (Traub & Kesting, 1964) , spleen and liver (Mims, 1966; Mims & Subrahamanyan, 1966) , as well as peripheral blood lymphocytes (Doyle & Oldstone, 1978) .
Mice infected with LCMV in utero or neonatally (Hotchin & Cinits, 1958) , or experimentally immunosuppressed adult animals, become persistently infected (Gilden et al., 1972) . Persistently infected mice generally have undetectable levels of LCMV-specific T cells (Mims & Blanden, 1972) , but remain responsive at the B cell level and produce antibody to viral antigens resulting in immune complex disease (Oldstone & Dixon, 1967; Buchmeier & Oldstone, 1978) . Persistently infected mice demonstrate changes in endocrine homeostasis associated with infection of various tissues (Oldstone et al., 1985b; Klavinskis & Oldstone, 1987a; Tishon & Oldstone, 1987) . In persistent infection, viral antigens have been detected in neurons of the central nervous system (CNS) (Nathanson et al., 1975; Rodriguez et al., 1983) , renal tubules (Accinni et a!., 1978) , thyroid (Klavinskis & Oldstone, 1987a) , pancreas (Rodriguez et al., 1985) and in T and B lymphocytes, and macrophages in the spleen, thymus and lymph nodes (Doyle & Oldstone, 1978; Popescu et al., 1979) . Most of these studies have used immunofluorescence techniques on frozen sections to detect viral antigens, but immunocytochemistry and electron microscopy have also been employed. More recently the tissue, but not the cellular distribution, of viral nucleic acid has been examined by in situ hybridization of whole body sections . In this study, we report the results of an in situ hybridization study of the cellular distribution of viral nucleic acids during persistent LCMV infection. By application of this technique to thin sections of paraffinembedded tissue we have been able to determine cell types containing viral nucleic acids at high resolution. This technique has greater resolution than previous studies on frozen tissues or whole animal sections and an advantage over immunostaining, because expression of specific viral proteins can be down-regulated during persistent infection (Oldstone & Buchmeier, 1982) . We report for the first time the cell types infected in the thymus, adrenal, parathyroid and salivary glands, and the testes, and extend the observations of previous studies to cell types infected in other tissues.
Methods
Virus. The origin and passage history of the Armstrong CA 1371 (clone 53B) of LCMV have been described previously (Dutko & Oldstone, 1983) .
Mice. BALB/c mice from the Scripps Clinic and Research Institute breeding colony were inoculated intracerebraUy with 100 p.f.u, of LCMV within 18 h of birth.
In situ hybridization. NeonataUy infected mice, 6 to 8 months of age, were killed by metaphane anaesthesia and tissues were removed and placed in 10% neutral phosphate-buffered formalin. Tissues from five different mice were examined, except in the case of the brain where eight animals were examined; brains were divided down the mid-line and sections were cut sagittally. Tissues were processed and embedded in paraffin, and 5 tam sections cut onto polylysine-coated slides. The technique for in situ hybridization was based on that described by Reynolds-Kohler & Nelson (1990) . Briefly, sections were dewaxed, hydrated and treated sequentially with 0.2 M-HCI (20 min), 1% Triton X-100 (1-5 rain) and 10 !ag/ml proteinase K (15 min, 37 °C), and then acetylated in 0.25% acetic anhydride in 0-1 M-triethanolamine, pH 8.0 (10min). Sections were washed twice for 3min between each treatment with sterile PBS. The PBS wash after proteinase K digestion contained 0.2% glycine and 5 mM-EDTA to stop the reaction.
Before hybridization, sections were prehybridized for 1 h at 37 °C in hybridization solution without dextran sulphate. The hybridization solution consisted of 50% deionized formamide, 5 x Denhardt's solution, 10% dextran sulphate, 0.1% SDS, 0.75 M-NaCI, 0.025 M-PIPES, 0.025 M-EDTA, 500 I.tg/ml sonicated salmon sperm DNA (boiled before addition), 250 p.g/ml yeast tRNA, 20 units/ml beparin, pH 6.8, and was made freshly before use. Slides were drained and 25 Ixl hybridization solution containing 2 x l0 s c.p.m./~d of probe was added to each. The sections were covered with gel bond (FMC), hydrophobic side down, and sealed with rubber cement. Hybridization was carried out at 37 °C for approximately 16 h. Sections were washed sequentially in SSC (1 x SSC is 0.15 M-NaCI, 0.015 M-sodium citrate), 2 x SSC (three times for 15 min each at 20 °C), 0.2 x SSC (twice for 15 min each at 20 °C), 0-2x SSC (twice for 15 rain each at 37°C) and 0.2 x SSC (once for 15 rain at 50 °C). Sections were air-dried and exposed to high resolution Cronex film (DuPont). Sections were then dipped in Kodak NTB2 emulsion, diluted 50% with 0.66 M-ammonium acetate. After 5 days, slides were developed, counter-stained with haematoxylin and eosin, and examined by dark and bright field microscopy.
The probe was a 35S-labelled DNA molecule, produced by random hexanucleotide priming of a gel-purified 1164 bp BgllI fragment of the nucleocapsid gene of the S RNA of LCMV (Southern et al., 1987; Salvato et al., 1988) . This probe gives maximum sensitivity because random priming generates a size range of fragments and both strands of the probe can hybridize, either to the viral genomic RNA (negative sense) or the nucleoprotein gene mRNA. The probe was used at a final concentration of 10 s c.p.m./Izl and had a specific activity >109 c.p.m./p.g.
The specificity of the probe was established by inclusion of control, uninfected sections of each tissue type. In addition, sections from mouse brains infected with mouse hepatitis virus (MHV) type 4 were included in each experiment. In parallel experiments in this laboratory using the same techniques on paraffin sections, these MHV-infected brains gave an intense signal with an MHV-specific probe (J. K. Fazakerley et al., unpublished results) . No hybridization to control, uninfected tissues or to MHV-infected brains was observed with the LCMV probe.
To examine the different areas of the brain, brains were removed, cut down the mid-line into two equal halves and the two hemispheres were embedded in paraffin in opposite orientations. For the brains of five mice, sections close to the mid-line were examined and three other brains had several sections cut from each of 10 representative areas, which were examined to determine precisely the areas infected. In these sections, virus distribution was first determined by exposure to Cronex film, the same sections were then dipped in emulsion and examined microscopically.
A comparison of in situ hybridization on 5 p-m paraffin-processed sections and 20 lain cryostat sections demonstrated an equal level of detection of viral nucleic acid in persistently infected brains. The paraffin-processed sections showed better morphological preservation than the cryostat sections and allowed more detailed resolution of the signal distribution. 
Results and Discussion

Central nervous system
Previous observations on the distribution of LCMV in the CNS derive from studies of protein expression by immunofluorescence (Mims, 1966) and immunostaining (Rodriguez et al., 1983) , and in situ hybridization studies on whole animal sections Lipkin et al., 1989) . While confirming the main observation of these previous studies, that virus persists in neurons scattered throughout the CNS, this report also extends these findings by determining the neuroanatomical distribution of the virus, which includes intense signal in the brachium of the superior colliculus, and by observing that long-term persistence can lead to a change in virus tropism with the infection of putative glial cells. Eight brains and spinal cords were examined from mice with well established infections. Numerous cells containing viral RNA detectable by hybridization were observed scattered throughout the brain. The majority of these cells could be clearly identified morphologically as neurons, predominantly large neurons, and were most numerous in the thalamus, superior colliculus, inferior colliculus, pons, dentate gyrus, brain stem and deep cerebellar nucleus (Fig. 1) . Silver grains covered the cytoplasm and not the nucleus as expected for an RNA virus ( Fig. 2a) and, using an antibody to the viral nucleocapsid, only the cytoplasm was stained (Fig. 4h) . Infected neurons were often adjacent to uninfected neurons ( Fig. 2a) , which could result from the preferential infection of neuronal subpopulations, transaxonal spread of virus or the transient nature of the infection. In the midline. Viral nucleic acid was detected by in situ hybridization and shows black. Infected cells are found throughout the brain but are more numerous in the midbrain and hindbrain than in the forebrain. Signal is particularly apparent at all levels in the thalamus (t) and brain stem (b). The most intense signal is in the choroid plexus (cp) and a distinct region on the dorsal face of the thalamus (below the x); this is probably the brachium of the superior coiliculus. The meninges (m) are infected as are cells in the olfactory bulb (o). The frontal cortex (fc), caudate (c), hippocampus (h) and cerebellum (cb) have the least number of infected cells. this regard, LCMV has been shown to infect somatostatin-but not cholecytokinin-producing neurons (Lipkin et al., 1988) . The cortex, caudate, hippocampus and outer layers of the cerebellum showed less intense signal ( Fig.  1 ), but scattered neurons were infected in all these areas. In the olfactory lobe the periglomerular cells, some cells in the external plexiform layer and scattered cells in the mitral cell layer were positive (Fig. 4g ). Some positive cells were observed in many of the white matter tracts, including those in the cerebellum and spinal cord.
By far the strongest signal and highest percentage of positive cells observed in any area of the brain was in a distinct region on the dorsal face of the thalamus across the 3rd ventricle from the dentate gyrus, probably the brachium of the superior colliculus ( Fig. 1 and 3 ). The number of infected cells and the intensity of the signal over each cell were greater than observed elsewhere in the brain and were similar to that seen in endocrine tissues, such as adrenal medulla or pancreatic islets.
In addition to the observation of signal associated with neurons and white matter cells, all eight brains demonstrated signal over meningeal (Fig. 2b ), choroid plexus ( Fig. 4k ) and endothelial cells~ These are the cell types known to be infected in the acute LCMV infection (Walker et al., 1975) . Comparison with brain sections from an animal acutely infected with LCMV demonstrated a more intense signal in these cell types in acute than in persistent infection (Fig. 4a) . No pyknosis of Fig. 3 . The strongest positive in situ signal in the brain was observed on the dorsal face of the thalamus, projecting into the ventricle. This structure is probably the brachium of the superior colliculus (arrowed) and is shown in light (a) and dark field (b) microscopy. In dark field microscopy, scattered infected neurons can be seen in the undedying thalamus.
infected cells or other pathological changes were observed in any of the brains, nor was any inflammatory infiltrate evident in the persistent infections observed. The distribution of virus in the brain was the same by immunostaining, using a monoclonal antibody to the viral nucleocapsid protein, and in situ hybridization with a probe to the nucleocapsid gene.
Predominantly neuronal infection, with the distribution described above, was observed in six of eight mice in the present study. In the remaining two mice, numerous positive cells were found throughout both the grey and white matter, the white matter involvement being far more extensive than in the other six animals examined. In these two animals, there was minimal involvement of the cortex, thalamus, hypothalamus and basal ganglia, and infection was principally confined to the white matter of the brain stem, cerebellum and spinal cord. This distribution was observed both by in situ hybridization and immunostaining. Morphologically it was not possible to distinguish the cell types that were labelled in the white matter, but the location of some of these cells in chains of adjacent nuclei in the white matter (Fig. 4i, j ) suggested that at least some of these cells were oligodendrocytes. Interestingly, persistence of LCMV within putative glial cells of the white matter tracts was not associated with any morphological abnormality of these cells nor were any signs of demyelination evident.
The explanation for this differential distribution in these two mice is not readily apparent, but one possibility is the selection of a variant virus with an enhanced ability to infect glial cells. Variants of LCMV that differ in their ability to persist in adult mice and in their induction of cytotoxic T lymphocytes have been isolated from the brains of persistently infected mice (Ahmed & Oldstone, 1988) , indicating that tissue-specific virus variants can arise during persistence.
Reticuloendothelial system
Infected endothelial cells were observed in all tissues examined including brain, salivary gland, thymus, thyroid, parathyroid, heart, liver, spleen, kidney, adrenal gland, pancreas, skeletal and smooth muscles, and testes. In this respect, infection of the endothelial system is similar to that described for the related Pichinde virus in hamsters (Murphy et al., 1977) .
Virus infection of T cell-dependent areas of the spleen has been shown previously by immunofluorescence (Mims, 1966) . The present study confirms these findings and extends the observations to the lymph node and the thymus. In the spleen (Fig. 5 a, b) , viral nucleic acid was found predominantly in the T cell areas of the white pulp. We could not determine whether these were lymphocytes or dendritic cells. Few positive cells were seen in the surrounding B cell-dependent areas or in germinal centres, but many positive macrophages and lymphocytes were evident in the red pulp. Infection of T cell areas was also observed in the lymph nodes (Fig. 5c, d ), although again we could not definitively identify the cells as lymphocytes, macrophages or dendritic cells; only rare positive cells were observed in germinal centres or surrounding B cell-dependent areas. These findings are consistent with the demonstration of viral nucleic acid in approximately 2% of peripheral blood lymphocytes ; others have identified these cells as being predominantly CD4 ÷ cells (Ahmed et al., 1987) . No positive cells were observed on examination of the bone marrow from one mouse.
The thymus
There are no previous reports of viral persistence in the thymus and here we demonstrate for the first time the persistent infection of cells in this tissue. Isolated positive cells were found scattered throughout the gland (Fig. 5e ), but were most numerous in the medulla (Fig.   5f ); both mononuclear and epithelial cells were positive. In some areas, a greater number of positive cells appeared to be present at the cortico-medullary junction, an area which contains many macrophage-like cells. Occasional, isolated positive ceils, mostly epithelial cells and rarely lymphocytes, were present throughout the cortex.
The mechanism by which LCMV persists in the mouse without elimination by the immune system is not completely understood but appears to involve the selection of immunosuppressive lymphotropic variant viruses, impairment of T lymphocyte responses and decreased cell surface expression of viral glycoproteins (Ahmed et al., 1984; Gilden et al., 1972; Oldstone & Buchmeier, 1982) . Infection of the thymus, where the majority of infected cells are in the medulla, could be highly relevant to the impairment of LCMV-specific T lymphocyte responses. In animals persistently infected from birth, infection of the thymus could be involved in maintaining LCMV-specific T cell unresponsiveness by continual elimination or inactivation of newly arising LCMV-specific T cell precursors. Consistent with this is the ability of animals from which the persistent infection has been cleared to generate cytotoxic T cell responses (Jamieson & Ahmed, 1988) .
Endocrine and exocrine tissues
Abnormalities of endocrine and exocrine systems have previously been observed in mice persistently infected with LCMV (Oldstone et al., 1984a (Oldstone et al., , 1985b . Viral nucleic acid has been demonstrated by dot blot analysis in adrenal, pituitary, pancreas and thyroid tissues of adult BALB/Wehi, C3H/st and SWR/J mice persistently infected within 18 h of birth with the Armstrong strain of LCMV (Klavinskis & Oldstone, 1987b) . However, the cellular distribution of viral nucleic acid within these tissues has not been previously determined. Our results confirm that the virus infects specific cell types within these tissues and that this is probably the basis for the dysfunction of specific endocrine systems.
The highest percentage of positive cells in all of the tissues examined was in the adrenal medulla. Viral nucleic acid was detectable in most chromaffin cells, although occasional ceils were negative despite being surrounded by intensely positive cells (Fig. 6e, f) . The adrenal medulla is composed of two types of chromaffin cell, one producing adrenalin, the other noradrenalin. In the hamster, the noradrenalin-secreting cells are located principally in the outer region of the medulla and have a pale (eosin)-staining cytoplasm; the adrenalin-secreting cells are located more centrally and have a darker staining cytoplasm (Yates et al., 1962) On: Thu, 03 Jan 2019 11:56:22 cytoplasmic (eosin) staining was apparent in the adrenal medulla; although cells with both darker and paler staining cytoplasm were infected, a greater intensity of signal was generally present in darker staining cells, presumably adrenalin-secreting cells (Fig. 6 e) . The levels of adrenal catecholamines in mice persistently infected with LCMV have not been investigated.
Many positive cells were also present in the adrenal cortex, particularly in the zona reticularis and zona fasciculata (Fig. 6) . The intensity of labelling seen in the medulla was not present in the positive cells of the cortex and cells in the outer zona glomerulosa of the cortex remained predominantly uninfected (Eig. 6a, d). Strong signal was seen in the connective tissue capsule. Five groups of steroids are secreted by the adrenal cortex; these are progestogens, corticosteroids, mineralocorticoids, androgens and oestrogens. The levels of these steroids have not been measured in mice persistently infected with LCMV except in the case of cortisol levels, which were measured in BALB/Wehi mice persistently infected with the Armstrong and WE strains of LCMV and found to be normal (Oldstone et al., 1984b) . The uninfected zona glomerulosa produces mineralocorticoids such as aldosterone (Tait et al., 1970) . Given the changes in the level of hormones produced by pancreatic islet, anterior pituitary and thyroid epithelium cells persistently infected with LCMV, it is possible that changes in the levels of corticosteroids, but not mineralocorticoids, also exist in these mice. This awaits further study.
In the pancreas, many of the epithelial ceils lining the ducts were positive. The majority of islet cells showed some signal but small foci of cells were strongly positive (Fig. 7a, b) . These strongly positive cells were most numerous in the outer layers and were consistent with the normal distribution of fl cells; both the Armstrong and the WE strains of LCMV have been shown to persist in the ~ cells of the islets of Langerhans in the pancreas, the infection being associated with hyperglycaemia and abnormal glucose tolerance (Oldstone et al., 1984b; Rodriguez et al., 1985; Tishon & Oldstone, 1987) . Electron microscopy has demonstrated virions budding from these cells and double antibody labelling studies have identified most of the infected cells in the islets as cells. The present study confirms the previous distribution of the infection and extends these findings by demonstrating viral genetic material in the islet and acinar cells of the pancreas. The focal pattern of infection observed in the islets could result from spread of virus in distinct territories of interconnecting, communicating islet cells (Orci et al., 1984) via intracellular connections.
In the thyroid gland, strong signal was present in the epithelium of the ducts. Some thyroglobulin-producing epithelial cells were positive, as were supporting cells between the follicles; in both cases the infection was focal (Fig. 7d ). Viral nucleoprotein has been detected previously in thyroid epithelial cells by immunohistochemistry, and virus has been observed budding from these cells by electron microscopy (Klavinskis & Oldstone, 1987a) . In the parathyroid glands, occasional individual positive cells of both major cell types, the acidophils and principal ceils, were positive, with a greater number of acidophils than principal cells being infected (Fig. 7e) .
In the salivary glands intense signal was present in the ductile epithelium, and the mucus-and serum-secreting tissues, and scattered foci of positive acinar cells were observed throughout (Fig. 7c, f) . Persistence of LCMV within other secretory tissues includes persistence within the lachrymal gland ) and the well documented infection of growth hormone-producing cells in the anterior pituitary which results in reduced levels of growth hormone mRNA (Oldstone et al., 1985 b; Valsamakis et al., 1987) . 
Lung, liver and kidney
In the lung the columnar epithelial cells around the bronchioles were strongly positive (Fig. 8c) . The alveolar lining cells were rarely positive, with the few infected cells usually found in small foci; several positive alveolar macrophages were observed. Scattered foci of infected hepatocytes were observed throughout the liver, but the majority of cells remained uninfected (Fig. 4c) ; necrosis and inflammation were observed within or adjacent to some of these foci of infection (Fig. 4b) . The epithelial cells of the bile duct were labelled, as were some cells, probably Kupffer cells, lining the sinusoids.
Hybridization signal was observed in numerous renal tubules distributed throughout the cortex and medulla and extending into the collecting ducts (Fig. 8a, b) . Within glomeruli, signal was observed predominantly over the cytoplasm of proximal tubular cells, but occasional mesangial cells were also labelled. As in other tissues, vascular endothelial cells were also infected.
Testes
In the testes, the presence of viral nucleic acid was dependent upon the differentiation state of the germinal epithelium. The most striking feature was chains of strongly positive spermatogonia in the basal layers of the germinal epithelium in many seminiferous tubules (Fig.  4e, f) . In contrast, signal was rarely evident in spermatocytes and spermatids and when observed was widely dispersed over several infected cells at a much lower intensity than that seen in spermatogonia. Strong signal was also present over individual cells in the interstitial areas, including capillary endothelial cells and Leydig cells; the squamous epithelial cells of the tunica albuginea were positive and occasional positive cells were seen in all layers of the ductus epididymis.
In the mouse testes, spermatogenesis takes place in a cyclic manner and 14 different stages of epithelial development have been recognized (Ewing et al., 1980; De Rooij, 1988) . The germ cells can be divided into three groups, spermatogonia which are the stem cells (De Rooij, 1983; Huckins, 1971) and are found adjacent to the basement membrane, spermatocytes which undergo meiotic divisions, and spermatids which become spermatozoa. Viral nucleic acid was observed in chains of spermatogonia but not in single, or only rarely in paired cells. Infection of adjacent spermatogonia is likely to occur via specialized intracellular bridges that exist between these cells (Dym & Fawcett, 1971) ; these bridges are large enough to allow the passage of organelles and would thus allow ready passage of viral material. Communication via these bridges is considered to be important in the synchronous division of the spermatogonia (Huckins, 1978) . Confinement of viral nucleic acid to a distinct subgroup of cells in the germinal epithelium provides an example of a virus infection related to the state of differentiation of the cell and suggests that transmission of infection by infected sperm is unlikely.
The infection of Leydig cells, the main source of testosterone in the adult male mouse, in the interstitium of the tubules is consistent with the infection of endocrine tissue throughout the body. Only small numbers of these cells were infected, perhaps insufficient to affect levels of testosterone, although this has not been investigated.
Muscle, heart, fat and bladder
Many viruses such as the alphaviruses replicate to high titres in skeletal muscle, but this tissue was striking for its lack of involvement during persistent LCMV infection (Fig. 8f) . No viral material was observed in muscle fibres, the only signal in this tissue being over endothelial cells. Occasional smooth muscle-cells of the bladder were infected (Fig. 8e ) and very rarely signal was observed in the myocardium (not shown). Possibilities for the lack of muscle cell involvement include the absence of a virus receptor in these cells or unfavourable conditions for virus replication within the cell. In contrast, virus was present in both brown and white fat, in which the majority of cells were strongly positive (not shown). All layers of the transitional epithelium of the bladder contained foci of positive cells (Fig. 8d, 4e ).
Pathology
Necrosis with infiltrating inflammatory cells was apparent only in the liver, within or adjacent to the loci of infection (Fig. 4b) . A few tissues, including the thyroid and salivary glands, pancreas and lungs had accumulations of inflammatory cells (Fig. 7 c) , from which cells did not appear to spread into the surrounding tissue. Accumulations of mononuclear cells in the tissues of persistently infected animals have been described previously and shown to be predominantly plasma cells secreting virus-specific immunoglobulins (Moskophidis et al., 1987) . We have extended these findings by showing that a few of these inflammatory cells are positive for virus.
Arenavirus disease
These results relate to several aspects of arenavirus infection and disease. All known arenaviruses naturally infect rodents which shed virus into the environment in urine, faeces and saliva. Human infection is probably Despite the infection of numerous cells throughout most tissues of the body, with the exception of a few hepatocytes, infected cells appeared morphologically normal. The effects of LCMV infection are subtle and are manifest as changes in the differentiated function of specialized cells, as has been described in the pituitary and thyroid glands, pancreas, immune system and neurons (Oldstone et al., 1984a) . Here we have reported that viral nucleic acid is also present in specific cells of the adrenal cortex and medulla, the parathyroid glands, the testes and, in the brain, the brachium of the superior colliculus was strongly positive. It is likely that dysfunctions of homeostasis can also exist in these tissues.
The cell types described as positive for LCMV nucleic acid during the persistent infection were consistently positive in all mice examined and represent the cell types that the virus can both infect and within which viral RNA can be replicated; LCMV clearly has the ability to infect a wide range of cells. The receptor for this virus is as yet undetermined but must be a widely distributed molecule, perhaps present on all cells. The absence of infection in, for example, myocytes does not necessarily imply a lack of a virus receptor on these cells because infection could also be restricted at any point in the virus life-cycle after attachment to a cell surface receptor.
Nature of the persistent infection
Mice persistently infected with LCMV have a persistent plasma viraemia (Hotchin, 1962) , and it is not clear whether the detection of viral nucleic acid, proteins or budding virions in a cell indicates that the cell is persistently infected or has just become infected. It is possible that many cells are infected for a short period of time and then eliminate the virus and that what we are observing is just a snapshot in time. If it were possible to observe the same tissue at earlier and later time points in the same living animal, perhaps totally different individual cells in a population would be infected. Alternatively, it may be that once infected, cells remain infected for the life of the animal, or there may be cell types that remain permanently infected whereas others are infected only transiently.
The situation may resemble that found in vitro, where cell cultures can be persistently infected by LCMV, but individual cells do not remain so and pass through cycles of infection, referred to by Hotchin (1974) as cyclical transient infection. In an individual cell, infection and virus production are followed by shutdown of virus replication, elimination of viral antigen and refraction to reinfection before the cell becomes infected again; these events are likely to be linked to the cell cycle. If this same phenomenon also exists in vivo, different cells of a given cell type may be at different stages in the cell cycle whereas other cell types may not exhibit all stages of the cycle. For example, some cells may remain at a stage that allows continuous production of virus, whereas others are at a stage that allows production of little or no infectious virus. The presence of viral nucleic acid in cells at certain stages of spermatogonial differentiation and the infection of immature lymphocytes but not mature circulating lymphocytes may be examples of this. Furthermore, although persistent infection is noncytopathic in most tissues, when these tissues are explanted and cultured, infected dividing ceils are destroyed by the virus (Lehmann-Grube, 1971) .
Strong positive in situ hybridization or immunostaining with an anti-nucleoprotein antibody may not necessarily indicate abundant virus production, but could result from the accumulation of viral ribonucleoprotein aggregates with minimal infectious virus production; for example, during the persistent infection of neurons production of viral glycoprotein is reduced (Oldstone & Buchmeier, 1982) . Transfer of LCMVspecific cytotoxic lymphocytes to persistently infected mice rapidly clears the extraneural infection, but viral material is cleared only slowly from the CNS (Oldstone et al., 1986) . One possibility is that the in situ signal detected in neurons results from ribonucleoprotein complexes, and that the slow decay of these complexes is responsible for the observed delay in clearance of viral material from the brain. In this case, infection of neurons would be predominantly unproductive and transient. Different neurons would be continually infected from a productive source, perhaps cerebral endothelial cells, neurons that are in a different state of activation or even the strongly positive cells in the brachium of the superior colliculus. Viral ribonucleocapsid complexes in infected neurons would first accumulate and then decay without viral production and cell destruction.
The exact events of the persistent infection remain to be elucidated, and are likely to be complex and may vary from tissue to tissue. The absence of tissue destruction represents a highly refined virus-host relationship which allows both survival of the host and continual release of infectious virus into the environment, but results in disturbance of homeostasis in immune, endocrine and exocrine tissues.
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